ABSTRACT Acetone-methanol extracts of honeybees (Apis mellifera) were chromatographed from petroleum ether on columns of aluminum oxide and magnesium oxide: celite. Vitamin Ax was identified by the Carr-Price (antimony chloride) reaction. These experiments provide the first demonstration of vitamin A in the tissues of an insect. Like retinene, vitamin A is confined to the heads and is not found in either thoraces or abdomens. Dark-adapted bees have very little vitamin A. During light adaptation the vitamin A increases, but at the expense of retinene, which decreases. As much as 0
T decreases during dark adaptation. Finally, retinene reductase activity is d e m o n s t r a t e d in extracts of the heads of honeybees. A preliminary account of this work has been published as an abstract (Goldsmith and W a r n e r , 1962).
I. T H E I N T E R C O N V E R S I O N ,OF R E T I N E N E AND V I T A M I N A in vivo Methods
ANIMALS Honeybees (Apis mellifera) were obtained from Georgia in 2 or S pound packages. On arrival they were fed by painting sugar syrup onto the screen sides of their cages. Bees to be dark-adapted were placed in a dark room overnight; the cage was then swathed in black cloth and aluminum foil and transferred to a deepfreeze (--20°C) for several days. The first cages of bees to be light-adapted were surrounded with two 8 watt fluorescent microscope lamps and two 100 watt incandescent lamps for about an hour before being placed at --20°C. Subsequently a more thorough light adaptation was effected by exposing the bees at room temperature, then placing both cages and lamps at 4°C for 12 hours until the cluster was stunned, and finally transferring the bees to --20°C. Frozen bees were decapitated; the heads were collected on dry ice and returned to --20°C until used. Dark-adapted bees were decapitated under dim red light and stored in the dark until extracted.
EXTRACTION AND CHROMATOGRAPHY The isolated heads were dried by grinding with anhydrous sodium sulfate. The resulting powder was placed in a large glass tube (48 mm diameter) and extracted exhaustively by passing acetone and then methanol through the column. The extract was diluted with water and transferred to petroleum ether in a separatory funnel. The yellow petroleum ether solution was concentrated under reduced pressure, dried over anhydrous sodium sulfate, and chromatographed on columns of aluminum oxide (Merck reagent, "suitable for chromatographic adsorption") "weakened" by the addition of 5 per cent (w/w) water. The columns were poured as slurries in petroleum ether; they were developed and eluted with increasing concentrations of acetone in petroleum ether. In some cases additional chromatographic separations were made on columns of magnesium oxide (Fisher, M-50) mixed with celite (1 : 2, w/w).
ANALYSXS Chromatographic fractions were concentrated to less than 1 ml. For the antimony chloride test, 0.25~ ml of the sample in chloroform was placed in a cuvette. To this was added 1 drop of acetic anhydride and 1.0 ml of a saturated solution of antimony trichloride in chloroform. The absorption spectrum was recorded immediately with a Cary recording spectrophotometer. Quantitative results were obtained by calibrating the test with known amounts of crystalline vitaman A and retinene (Eastman).
C40 carotenoids were identified principally by chromatographic behavior and absorption spectra.
Results
In an initial experiment, the heads of light-adapted bees contained approximately four parts of retinene 1 to six parts of vitamin A 1. However, a cluster of bees is not killed instantly after being placed in a deep-freeze; it forms a tight mass to prevent loss of heat; and in all likelihood the individuals in the center dark-adapt significantly before succumbing. Consequently, in the following experiment the bees were stunned while light-adapted, as described under Methods. Table I .
As Table I shows, in the dark-adapted heads the ratio of retinene to vitamin A was greater than 4: 1, whereas in the light-adapted heads it was approximately 1:4. Although the total C20 carotenoid recovered from the lightadapted heads was 38 per cent less than the total found in dark-adapted bees, in absolute terms there was nevertheless three times as much vitamin A in the light-adapted animals.
Analyses of thoraces and abdomens have failed to reveal any vitamin A or retinene, although the vast bulk of the C40 carotenoid is located in the abdomen. There is therefore no significant reserve of either retinene or vitamin A. Virtually all that is present is associated with the visual system. When the animals are dark-adapted, most of the C~0 carotenoid is in the form of the
I-
500 600 700 m F FIGURE 2. Antimony chloride reaction of vitamin A from light-adapted bees, immediately after adding the reagent (solid curve) and 2 minutes later (dashed curve). An antimony chloride test of an equivalent amount of crystalline vitamin A is shown for comparison (points, dotted curve). This fraction of the extract was eluted from magnesium oxide with petroleum ether. It contained a small amount of retinene, which accounts for the discrepancy between the solid and dotted curves, as well as for the secondary peak at about 660 m/z in the dashed curve. Spectra were recorded as in Fig. 1 . An absorption maximum at 620 m# which rapidly fades with time is characteristic of vitamin A1.
aldehyde; on prolonged exposure to light, however, the amount of retinene decreases and vitamin A appears.
It might be argued that previous diet rather than extent of light adaptation was responsible for the different ratios of vitamin A and retinene in the two groups of bees in Table I. Table II shows, however, that the carotenoid composition in the two groups was very similar. Although they may not have come from the same hive, on the whole they appear to have been feeding on the same flowers. For comparison, a third group of bees from another time of year and a different food source is included in Table II . It is evident that the carotenoids in honeybees are subject to wide variation, both in total amount but particularly with respect to kinds present. This reinforces the view that the two groups of bees described in Table I had a similar dietary history.
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II. T H E R E D U C T I O N O F R E T I N E N E T O V I T A M I N A in vitro
Methods ENZYME Several grams of lyophilized heads were ground with a mortar and pestle and extracted for 20 minutes with M/15 phosphate buffer (40 ml/gm of dried THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 47 " x964 heads) at pH 7 and 4°C. The solution was centrifuged in the cold at 12,000 X g for 15 minutes. This crude extract had the capacity to form small amounts of vitamin A in the presence of an emulsion of retinene, and no further retinene reductase activity could be extracted from the residue. The solution was fractionated with ammonium sulfate; the enzyme precipitated when the ammonium sulfate concentration was raised from 40 to 50 per cent saturation. The residue was resuspended and either dialyzed for 12 hours or passed through a column of G-25 sephadex (Pharmacia Fine Chemicals) equilibrated with the desired buffer. Several further attempts at purification (differential thermal denaturation, cold ethanol precipitation, columns of DEAE cellulose, adsorption on calcium phosphate gels) led to wholesale loss of activity. The observations described below were therefore made with an enzyme preparation still far from pure.
EMULSIONS O F RETINENE To 250 #I of a solution ofretinene in ethanol was added 50 #I of an acetone solution of pluronic polyol F-68 (Wyandotte Chemicals Corporation) at a concentration of I mg/ml. A stable emulsion was formed by squirting 200/~I of this mixture into 0.2 to 2.0 ml of phosphate buffer with a 0.25 ml hypodermic syringe and a No. 18 needle. Ethanol and acetone could be removed by flushing with nitrogen.
Experiments
The reduction of retinene to vitamin A in vitro was observed in two ways: (a) enzyme, an emulsion of retinene, and reduced nicotinamide adenine dinucleotide (NADH; Sigma) were placed in an absorption cell and spectral changes recorded; (b) the reaction mixture was extracted with chloroform and vitamin A identified by the antimony chloride reaction. Although the crude extract had the capacity to form vitamin A from retinene, after fractionation with ammonium sulfate and dialysis the enzyme preparation had to be supplemented with NADH.
In the first method it is not sufficient, or indeed possible, to follow the course of the reaction by recording the change in optical density at one wave length. Substrate, product, and cofactor all undergo spectral changes in the near ultraviolet; the cofactor is oxidized even without the addition of substrate; and both substrate and product are destroyed by other enzymes. A solution of enzyme and N A D H was therefore placed in each of two cuvettes, the cells were inserted in a Cary spectrophotometer, and the instrument balanced between 300 and 400 m#. A small volume of retinene emulsion was added to the cuvette in the sample compartment, and the spectrum was recorded at intervals over a period of about half an hour. A difference spectrum was calculated by subtracting the initial spectrum from the final. Fig. 3 is an example of a difference spectrum obtained in this manner.
Although the positions of the maxima in Fig. 3 suggest that vitamin A has been produced from retinene, the difference spectrum must be interpreted with caution. First, there was no isosbestic point in the series of spectra re-corded during the course of the reaction. Second, one must assume that the oxidation of N A D H was proceeding at the same rate in each cuvette, which was probably only approximately true. Third, when the N A D H was omitted from the reaction mixture there were small spectral changes in the same directions as in Fig. 3, but FIouR~. 3. Difference spectrum for the conversion of retinene to vitamin A. The optical density at 28 minutes less the optical density immediately after adding retinene (E2 -El) is plotted as a function of wave length. The apparent absorption maxima of reactant and product are at 391 and 333 m# respectively, corresponding closely to the absorption peaks of trans retinene and vitamin A. At the start, the sample cuvette contained retlnene (2.6 X l0 -~ ~), NADH (4.4 X 10-4 ~), and enzyme; the reference cell was the same, except that it lacked retinene, pH was 6.9.
the reaction seemed to stop well before a third of the retinene had been reduced. For these reasons it was considered necessary to demonstrate the formation of vitamin A b y the second, more specific method. The following experiment will serve as an example. Enzyme, retinene (89 #g) in an emulsion, and N A D H (4.3 mg) were incubated in a total volume of 8 ml at 30°C for 25 minutes. Controls without cofactor or enzyme were done in parallel. In an effort to slow the oxidative destruction of retinene and vitamin A, nitrogen was bubbled through the solutions during the incubation period. The solutions
were extracted in separatory funnels with three successive 40 ml aliquots of chloroform. The chloroform extract was dried over anhydrous sodium sulfate and evaporated to dryness under reduced pressure. The residue was chromatographed from petroleum ether and vitamin A was identified by the antimony chloride reaction as described above.
The formation of vitamin A is confirmed in Fig. 4 . Of the C20 carotenoid detected in the antimony chloride test, a maximum of 29 per cent was vitamin A. No vitamin A was found when either enzyme or NADH was omitted from the reaction mixture. Total recovery was poor, usually 5 to 10 per cent, p a r t y because of difficulties in recovering quantitatively retinene and vitamin A from the emulsions, but principally because of enzymic destruction. Destruction was greater in these experiments than with the first method described. Using this technique, the formation of vitamin A has been demonstrated between pH 4.95 and pH 8.7. Most vitamin A was found at pH 6 and pH 7; however, this is difficult to interpret unequivocally as the pH dependence of destructive reactions was even sharper. Best total recovery of retinene and vitamin A was obtained at pH 6.
D I S C U S S I O N
Although it is clear that vitamin A participates in the visual cycle of the honeybee--and this, incidentally, is the first example to be described among the invertebrates--the figures in Table I almost certainly do not reflect limiting values of the ratios of retinene to vitamin A. In the first place, it is unlikely that the level of light adaptation was uniform throughout the cluster. Consequendy, the observed retinene:vitamin A ratio is an average of many animals in different states of adaptation. Second, during preparation for analysis oxidative losses m a y be greater for vitamin A than for retinene. This would not only lead to relatively low values for vitamin A, but could also account for the fact that in the light-adapted bees of Table I the recovery of C~ 0 carotenoid was only 62 per cent that of the dark-adapted animals, whereas the recovery of C4Q carotenoid (Table II) was 90 per cent of the dark-adapted controls.
The failure of other workers to detect vitamin A in insects m a y be attributed to the use of inadequate amounts of material, failure to separate the vitamin A from much larger quantities of carotenoids which mask its presence, use of dark-adapted insects, or a combination of these factors. Certainly the first and third reasons are sufficient to account for the absence of vitamin A in earlier work on the honeybee (Goldsmith, 1958) . In view of the wide employment of retinene in the visual systems in other classes and phyla, it is very likely that appropriate experiments will reveal the presence of vitamin A in other insects.
The demonstration that vitamin A participates in the vision of an insect suggests that a reexamination of the role of vitamin A in insect nutrition would be in order. Indeed, we have already made a start. Work now in progress in collaboration with Dr. P,..1-Barker indicates that house flies reared on carotenoid-deficient diets have a decreased sensitivity to light.
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